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© Process for the carbonylation of ethylenically unsaturated compounds. 



© Process for the preparation of a carboxylic ester 
or acid by reacting an ethylenically unsaturated 
compound in which each of the carbon atoms of the 
carbon-carbon double bond is secondary or tertiary, 
with CO in the presence of an aikanol or water, 
respectively, and of a catalytic system prepared by 
combining:- 

a) Pd and/or a Pd compound, b) a strong acid, 
except hydrohalogenic and carboxylic acids, and c) 
a bidentate iigand, using a molar ratio of acid to 
ligand of greater than 0.5. 
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PROCESS FOR THE CARBONYLATION OF ETH YLEN ICALLY UNSATURATED COMPOUNDS 



The invention relates to a process for the car- 
bonylation of an ethylenically unsaturated com- 
pound in which each of the carbon atoms of the 
carbon-carbon double bond is secondary or terti- 
ary. 5 

European patent application 0,106,379 de- 
scribes a process in which ethylenically unsatu- 
rated compounds are carbonylated with carbon 
monoxide in the presence of water, an alcohol 
and/or a carboxylic acid, a palladium catalyst, at io 
least 5 mol of a triarylphosphine per gram atom of 
palladium and an acid with a pK a below 2, except 
hydrohaiogenic acids and carboxylic acids. 

This known process proceeds relatively slowly 
when ethylenically unsaturated compounds in is 
which each of the carbon atoms of the carbon- 
carbon double bond is secondary or tertiary are 
used as starting compounds. 

It has now been found that the reaction rate 
can be very much enhanced by the presence of a 20 
bidentate ligand defined more closely hereinafter. 

Accordingly, the invention provides a process 
for the carbonylation of an .ethylenically unsaturated 
compound in which each of the carbon atoms of 
the carbon-carbon double bond is secondary or 25 
tertiary, with carbon monoxide in the presence of 
water and/or an alkanol, which process is carried 
out in the presence of a catalytic system prepared 
by combining:- 

a) palladium and/or a palladium compound, 30 

b) an acid having a pK a below 2.0, measured 
at 18 °C in aqueous solution, except 
hydrohaiogenic and carboxylic acids, and 

c) a bidentate ligand having the general for- 
mula I 35 
R'R'-M-R-M-RW (I) 

wherein M represents a phoshorus, arsenic or an- 
timony atom, R represents a divalent organic bridg- 
ing group having in the range of from three to five 
carbon atoms in the bridge, none of these carbon 40 
atoms carrying substituents that may cause steric 
hindrance, and each of R\ R 2 , R 3 and R* represents 
an optionally substituted hydrocarbon group, and 
using a molar ratio of acid having a pK a below 2.0 
to said bidentate ligand of greater than 0.5. 45 

The acid having a pK a below 2.0 preferably has 
a non-coordinating anion, by which is meant that 
little or no covalent interaction takes place between 
the palladium and the anion (cf. GB-A 2,058,074). 
Typical examples of such anions are PFr, SbFr, so 
BFr and ClOr. 

Preferred acids are for example, sulphonic ac- 
ids and acids that can be formed, possibly in situ, 
by interacting a Lewis acid such as, for example 
BF 3 , AsF 5 , SbF 5 , PF 5 , TaF 5 or NbF 5 with a Broen- 



sted acid such as, for example, a hydrohaiogenic 
acid, in particular HF, fluorosulphonic acid, phos- 
phoric acid or sulphuric acid. Specific examples of 
acids of the latter type are fluorosilicic acid, HBF 4 , 
HPF 6 and HSbF 6 . Examples of usable sulphonic 
acids are fluorosulphonic acid and chlorosulphonic 
acid and the hereinafter specified sulphonic acids. 

A preferred group of acids having a pK a below 
2.0 has the general formula II 



o x 0 



OH 



(ID 



wherein X represents a sulphur or a chlorine atom 
and, if X represents a chlorine atom, R s represents 
an oxygen atom and, if X represents a sulphur 
atom, R 5 represents an OH group or an optionally 
substituted hydrocarbon group. 

When the hereinbefore stated acids are used in 
the process according to the invention, the anions 
of the acids can be considered to be non-coordi- 
nating. 

In the acids having the general formula I, the 
optionally substituted hydrocarbon group repre- 
sented by R 5 f is preferably an alky I, aryl, aralkyl or 
alkaryi group having 1-30, in particular 1-14, carbon 
atoms. The hydrocarbon group may, for example, 
be substituted with the halogen atoms, in particular 
fluorine atoms. 

Examples of suitable acids of the general for- 
mula II are perchloric acid, sulphuric acid, 2- 
hydroxypropane-2-suiphonic acid, p-toiuenesui- 
phonic acid and trifluoromethanesulphonic acid, the 
last two acids being the most preferred. The acid 
of the general formula II can also be an ion ex- 
changer containing sulphonic acid groups, such as, 
for example, Amberiite 252 H ("Amberiite' 1 is a 
trade name). In that case, the hydrocarbon group 
R 5 represents a polymeric hydrocarbon group sub- 
stituted with sulphonic acid groups, for example a 
polystyrene group. 

Where, in the bidentate ligand, it is said that 
substituents offering steric hindrance should be ab- 
sent, this means that no substituents may be 
present that are able to hinder the formation of 
complex compounds having the general formula III 
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Pd 2+ CY~1 



III 



In formula III, Y represents a non-coordinating 
anion, whilst Pd 2+ can also be written as 



'2+ 



Pd 



in which the iigands L, and L 2 are weakly coordi- 
nated solvent Iigands, e.g. acetonitrile, methanol, 
acetone, or acetylacetone, or correspond with 
those employed in the palladium compounds .de- 
scribed hereinafter. 

In the bidentate ligand, M is preferably phos- 
phorous. Hydrocarbon groups FT, R 2 , R 3 and R 4 will 
as a rule contain In the range of from 2 to 18 
carbon atoms, preferably 6 to 14 carbon atoms. 
Aryl groups are the most suitable, in particular the 
phenyl group. The phenyl groups may be substi- 
tuted, for example with halogen atoms and alkyl, 
aryl, alkoxy, carbalkoxy, trihalogen-rnethyl, cyano 
or diaikylamino groups. Preferred bridging groups - 
R-are those having the formula - CR*R 7 ^ - in 
which R 6 and R 7 each represent a hydrogen atom 
or an optionally substituted hydrocarbon group of- 
fering no steric hindrance and n is an integer in the 
range of from, 3 to 5. Substituents R' and R 7 
preferably represent hydrogen atoms. The bridging 
groups R may also make part of a cyclic structure, 
e.g. an aromatic or cycloaliphatic group, the carbon 
to carbon bond or bonds in the bridge may be 
saturated or unsaturated and in the bridge or In the 
cyclic or non-cyclic groups attached to the bridge 
one or more hetero atoms, e.g. sulphur, oxygen, 
iron or nitrogen, may have been substituted for 
carbon atoms, other than the two carbon atoms 
which must be present in the bridge linking both 
atoms M. 



Examples of suitable bidentate Iigands are 
1,3-di(diphenyiphosphino)propane, 
1 ,4~di(diphenyiphosphino)butane, 

2.3- dimethyl-1,4-di(diphenylphosphino)butane, 
5 1 .S-dKmethyl-phenyl-phosphinoJpentane, 

1.4- di(dicyclohexylphospino)butane, 

1.5- di(dinaphthylphosphino)pentane, 
1,3-di(di-p-tolylphosphino)propane, 
1,4<ji(di-r>methoxyphenylphosphino)butane, 

io 2,3-di(diphenylphosphino)-2-butene, 

1,3-di(diphenylphosphino)-2-oxapropane, 
2-methyl,2-(methyldiphenylphosphino)-1,3-di- 
(diphenylphoshino)propane, 
O,0'-di(diphenylphosphino)biphenyl, 

75 1 ,8-di(diphenylphosphino)naphthaiene and 
bis(a,ot / -diphenylphosphino)o-xylene. 

The bidentate ligand can be used in quantities, 
relative to palladium and/or palladium compound, 
that can range within wide limits, suitably below 25, 

20 e.g. from 0.1 to 20 mol per mol palladium com- 
pound. Preferred quantities range from 0.3 to 10 
mol per mol. 

In addition to the bidentate ligand, one or more 
monodentate iigands can also be used in the prep- 

25 aration of the catalytic system. Suitable monoden- 
tate Iigands are in particular optionally substituted 
triarylphosphines, such as triphenylphosphine, the 
phenyl groups optionally being substituted with al- 
kyl, alkoxy, halogen and trihalomethyl groups. The 

30 use of an excess of monodentate ligand in relation 
to palladium and/or the palladium compound is 
recommended. Preferred quantities range from 2:1 
to 50:1 in relation to palladium and/or palladium 
compound. 

35 The carbon monoxide can be used in pure 

form or diluted with an inert gas such as hydrogen, 
nitrogen, noble gases or carbon dioxide in the 
process according to the invention. 

The process of this invention is preferably car- 

40 ried out at a temperature between 20 and 225 °C, 
in particular between 50 and 200 °C, the total 
pressure ranges between preferably 1 and 100, in 
particular 20 and 75, bar gauge. It can be carried 
out batchwise, continuously or semi-continuously. 

45 Both homogeneous and heterogeneous pal- 
ladium compounds can be used. Homogeneous 
systems are preferred. Suitable palladium com- 
pounds are saits of palladium with, for example, 
nitric acid, sulphuric acid or alkanoic acids having 

so not more than 12 carbon atoms per molecule. Salts 
of hydrohalogenic acids are theoretically also us- 
able, but have the drawback that the halogen ion 
may have a corrosive action. Palladium carbox- 
ylates are the catalyst compounds preferably used, 

55 in particular palladium acetate. In addition, pal- 
ladium acetyiacetonate can also be used. Pal- 
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iadium on carbon and palladium bonded to an ion 
exchanger, for example one containing sulphonic 
acid groups, are examples of suitable heteroge- 
neous palladium compounds. 

The quantity of palladium and/or ■ palladium 
compound is not critical. Preferably, quantities be- 
tween 10" B and 10" 1 mol palladium and/or pal- 
ladium compound per mol ethyienicaliy unsatu- 
rated starting compound are used. The molar ratio 
of ethyienicaliy unsaturated starting compound to 
carbon monoxide will as a rule range from 5:95 to 
95:5, preferably from 1:5 to 5:1. 

The process according to the present invention 
is carried out using a molar ratio of acid having a 
pK a below 2.0 to bidentate ligand of the general 
formula I of greater than 0.5, the rate of reaction 
being very low if this molar ratio is not greater than 
0.5. Preferably, a molar ratio of acid to bidentate 
ligand in the range of from 1 to 10 is used; if 
desired, this molar ratio may be higher than 10, up 
to, for example, 25. 

The process according to the present invention 
can be carried out conveniently in the presence of 
an aprotic solvent. A variety of solvents can be 
applied, such as ethers, for example diethyl ether, 
dimethyl ether of diethylene glycol (also referred to 
as "diglyme"), anisole and diphenyl ether; aromatic 
compounds, such as benzene, toluene, ethylben- 
zene and the three xylenes; halogenated aromatic 
compounds, such as chlorobenzene and the three 
dichlorobenzenes; halogenated alkanes, such as 
methylene chloride and carbontetrachloride; al- 
kanes; such as hexane, heptane and 2,2,3- 
trimethylpentane; cycloalkanes, such as cyclohex- 
ane and methylcychlohexane; nitrites, such as ben- 
zonitrile and acetonitrile; esters, such as methyl 
benzoate, methyl acetate and dimethyl phthalate; 
sulphones, such as diethyl sulphone and 
tetrahydrothiophene 1,1 -dioxide (also referred to as 
"sulpholane"). Also mixtures of solvents can be 
suitably applied. It is also possible to use an ex- 
cess of the starting alkanol as solvent. Very good 
results have been obtained with aromatic hydrocar- 
bons and with ethers. 

The ethyienicaliy unsaturated compound in 
which each of the carbon atoms of the carbon- 
carbon double bond is secondary, which is a car- 
bon atom bound to two other carbon atoms, or 
tertiary, which is a carbon atom bound to three 
other carbon atoms, may be an alkene having up to 
30 carbon atoms per molecule, such as 2-butene, 
2-pentene, 2-hexene, 3-hexene, 2-heptene, 3-hep- 
tene, 2-octene, 3-octene, 4-octene, 2-nonene, 3- 
nonene, 4-nonene; a cycloalkene having up to 30 
carbon atoms per molecule, such as cyclohexene, 
cycloheptene, cyclo-octene, cyclododecene and 
methylcyclo-octene; an alkyl or a phenyl ester of 
an alkenoic acid having up to 30 carbon atoms per 



molecule, such as crotonic acid, 2-pentenoic acid, 
3-pentenoic acid, 2-hexenoic acid, 3-hexenoic acid, 
the alkyl group suitably having up to 30 carbon 
atoms. 

5 Carbonylation in the presence of water leads to 

formation of carboxylic acids and carbonylation in 
the presence of alkanols to formation of carboxylic 
esters. The alkanol suitably has up to 30 carbon 
atoms per molecule and may be substituted with 

70 one or more substituents, for instance, with one or 
more halogen atoms or cyano, ester, alkoxy or aryl 
groups. Examples of suitable alkanols are metha- 
nol, ethanol, propanol, 2-propanol, 2-butanol, tert- 
butyl alcohol and chlorocapryl alcohol. Very good 

75 results have been obtained with methanol and 
ethanol. 

The molar ratio of the ethyienicaliy unsaturated 
compound to water and/or alkanol is not critical and 
may vary within wide limits, suitably between 0.1:1 

20 and 10:1. When using a monoethylenically unsatu- 
rated compound, preference is usually given to the 
use of an excess of the alkanol. 

The carboxylic acid or ester obtained by 
means of the present process may be isolated 

25 from the reaction mixture in any suitable manner, 
for example by means of distillation. Suitably, the 
acid or ester are obtained in a distillate fraction and 
an aprotic solvent is chosen which remains, to- 
gether with the catalytic system, in the bottom 

30 fraction of the distillation. The bottom fraction may 
be re-used as catalytic system in the process of 
the present invention. 

The following Examples further illustrate the 
invention. 

35 

Examples 1 and 2 and Comparative Experiments 
A-E 

40 A 250-ml magnetically stirred Hastelloy C auto- 
clave ("Hastelloy" is a trade mark) was charged 
with a mixture of n-octenes (20 ml), a solvent (30 
ml), methanol (10 ml), palladium (II) acetate (0.4 
mmol), ligand and acid. The table hereinafter states 

45 which solvent and which amounts of ligand and 
acid were used. The mixture of n-octenes con- 
sisted of 2.5% 1-octene, 39% 2-octene, 39% 3- 
octene and 19.5% 4-octene. The autoclave was 
flushed with carbon monoxide, filled with carbon 

so monoxide at a pressure of 40 bar, sealed and 
heated to a temperature of 155 °C. After the reac- 
tion the contents of the autoclave were analysed by 
gas-liquid chromatography. The table states the 
conversion of n-octenes, the reaction rate in mol of 

55 n-octenes per mol of Pd per h and the content of 
unbranched ester. The symbol <j> represents a phe- 
nyl group and pTsA refers to p-toluenesulphonic 
acid. 
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Comparative Experiment A shows that despite 
the use of an excess of acid with respect to the 
bidentate iigand <f> 2 P(CH 2 ) 2 P<f> 2 (not according to in- 
vention) no octene conversion had been observed. 

Comparative Experiment B shows that despite 
the use of an excess of acid with respect to the 
bidentate Iigand <f> 2 P(CH 2 ) 6 P<£ 2 (not according to in- 
vention) the rate at which the product is formed is 
relatively low. 

Example 1 shows that when an excess of acid 
with respect to the bidentate Iigand 4> 2 P(CH 2 ) 3 P<j> 2 is 
used, a large increase of the reaction rate is ob- 
served. 

Example 2 shows that when an excess of acid 
with respect to the bidentate Iigand £ 2 P(CH 2 )*P4> 2 is 
used, a high reaction rate is obtained. 

Comparative Experiments C and D show that 
when a carboxylic acid (not according to invention) 
having a pK a below 2.0 is used, the rate at which 
the product is formed is relatively low. 

Comparative Experiment E shows that when 
triphenylphosphine (not according to invention) is 
used, the rate at which the product is formed is 
relatively low. 



Example 3 

In the way of Example 2 an experiment was 
carried out in which, instead of toluene (30 ml),' 
diglyme (30 ml) and instead of methanol (10 ml), 
water (5 ml), was used. The conversion of n-oc- 
tenes was 55%, the reaction rate was 110 moi of n- 
octenes per mol of Pd per h and the content of 
unbranched ester was 62%. 



Example 4 

In the way of Example 2 an experiment was 
carried out in which, instead of n-octenes (20 ml), 
ethyl crotonate (10 ml) was used. 

The conversion of ethyl crotonate was 100%, 
the reaction rate was 180 mol of ethyl crotonate 
per mol of Pd per h and the content of unbranched 
diester was 31%, the diesters being a mixture of 
dimethyl glutarate, methyl ethyl glutarate and 
diethyl glutarate. 



Example 5 

In the way of Example 2 an experiment was 
carried out in which, instead of methanol (10 ml), 
ethanol (15 ml) and instead of n-octenes (20 ml), 
ethyl crotonate (10 ml) was used. 



The conversion of ethyl crotonate was 100%, 
the reaction rate was 180 mol of ethyl crotonate 
per mol of Pd per h and the content of unbranched 
diester was 81.5%, the unbranched diester being 
5 diethyl glutarate. 



Comparative Experiment F 

w In the way of Example 5 an experiment was 
carried out in which 10 instead of 1.6 mmol of 4> 2 P- 
(CH 2 ) 4 P4> 2 was used, the molar ratio of acid to 
iigand being 0.4. 

The conversion of ethyl crotonate was less 

15 than 5% and the reaction rate was less than 5 mol 
of ethyl crotonate per mol of Pd per h. 



Example 6 

20 

In the way of Example 5 an experiment was 
carried out in which 3.2 instead of 1 .6 mmol of <£ 2 P- 
(CH 2 )»P4> 2 was used, the molar ratio of acid to 
Iigand being 1.25. The conversion of ethyl 
25 crotonate was 95%, the reaction rate was 100 mol 
of ethyl crotonate per mol of Pd per h and the 
content of unbranched diester was 69%, the un- 
branched diester being diethyl glutarate. 

30 

Example 7 

In the way of Example 5 an experiment was 
carried out in which 40 instead of 15 ml of ethanol 
35 was used and no toluene was present. 

The conversion of ethyl crotonate was 100%, 
the reaction rate was 150 mol of ethyl crotonate 
per mol of Pd per h and the content of unbranched 
diester was 83%, the unbranched diester being 
40 diethyl glutarate. 



Example 8 

45 In the way of Example 5 an experiment was 

carried out in which, instead of toluene (30 ml), 

anisole (30 ml) was used. 

The conversion of ethyl crotonate was 100%, 

the reaction rate was 160 mol of ethyl crotonate 
so per mol of Pd per h and the content of unbranched 

diester was 83%, the unbranched diester being 

diethyl glutarate. 



55 
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Example 9 

In the way of Example 8 an experiment was 
carried out in which ethyl crotonate (10 ml) was 
replaced with a mixture of cis and trans ethyl 3- 
pentenoate. 

The conversion of ethyl 3-pentenoate was 
100%, the reaction rate was 150 mol of ethyl 3- 
pentenoate per mol of Pd per h and the content of 
unbranched diester was 70%, the unbranched 
diester being diethyl adipate. 



Comparative Experiment G 

In the way of Example 9 an experiment was 
carried out in which <f> 2 P(CH 2 ) 4 P4> 2 (1.6 mmol) was 
replaced with triphenylphosphine (3.2 mmol) and 
anisole (30 ml) with toluene (30 ml). 

No conversion of ethyl crotonate had been 
observed. 



Comparative Experiment H 

In the way of Example 8 an experiment was 
carried out in which p-toluenesulphonic acid (4 
mmol) was replaced with hydrogen chloride (4 
mmol). No conversion of ethyl crotonate had been 
observed. 



Example 10 

In the way of Example 6 an experiment was 
carried out in which 0.8 instead of 3.2 mmol of <*> 2 P- 
(CH 2 ) 4 P4> 2 was used and also triphenylphosphine (2 
mmol) was added. 

The conversion of ethyl crotonate was 100%, 
the reaction rate was 120 mol of ethyl crotonate 
per mol of Pd per h and the content of unbranched 
diester was 82%, the unbranched diester being 
diethyl glutarate. 



Claims 

1. A process for the carbonylation of an 
ethyienically unsaturated compound in which each 
of the carbon atoms of the carbon-carbon double 
bond is secondary or tertiary, with carbon monox- 
ide in the presence of water and/or an alkanol, 
which process is carried out in the presence of a 
catalytic system prepared by combining:- 

a) palladium and/or a palladium compound, 

b) an acid having a pK a below 2.0, mea- 
sured at 18 °C in aqueous solution, except 
hydrohalogenic and carboxylic acids, and 



70 
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45 
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c) a bidentate ligand having the general for- 
mula I 

RW-M-R-M-FW (I) 

wherein M represents a phoshorous, arsenic or 
antimony atom, R represents a divalent organic 
bridging group having in the range of from three to 
five carbon atoms in the bridge, none of these 
carbon atoms carrying substituents that may cause 
steric hindrance, and each of R\ R 2 , R a and R 4 
represents an optionally substituted hydrocarbon 
group, 

and using a molar ratio of acid having a pK* 
below 2.0 to said bidentate ligand of greater than 
0.5. 

2. A process as claimed in claim 1, in which 
the acid having a pK a below 2.0 has a non-coordi- 
nating anion. 

3. A process as claimed in claim 1 or 2, in 
which the acid having a pK a below 2.0 is a 
sulphonic acid or an acid that can be formed by 
interaction of a Lewis acid with a Broensted acid. 

4. A process as claimed in claim 1 or 2, in 
which the acid having a pK a below 2.0 has the 
general formula II 



R 



-X- 



•OH 



(ID 



wherein X represents a sulphur or a chlorine atom 
and, if X represents a chlorine atom, R 5 represents 
an oxygen atom and, if X represents a sulphur 
atom, R* represents an OH group or an optionally 
substituted hydrocarbon group. 

5. A process as claimed in claim 4, in which 
the optionally substituted hydrocarbon group repre- 
sented by R 5 is an alkyl, aryl, aralkyl or alkaryl 
group having 1-30 carbon atoms. 

6. A process as claimed in claim 4 or 5, in 
which the acid is p-toluenesuiphonic acid or 
trifluoromethanesuiphonic acid. 

7. A process as claimed in any one of the 
preceding claims, in which the group -R-in the 
general formula I represents a group 

CR 6 R 7 — in which R 6 and R 7 represent 
hydrogen atoms or optionally substituted hydrocar- 
bon groups offering no steric hindrance and n is an 
integer in the range of from 2 to 5. 

8. A process as claimed in any one of the 
preceding claims, in which R\ R 2 , R 3 and R* in the 
general formula I each represent an aryl group with 
in the range of from 6 to 14 carbon atoms. 

9. A process as claimed in claim 8, in which 
the aryl groups are phenyl groups. 

10. A process as claimed in any one of the 
preceding claims, in which a molar ratio of acid 
having a pK a below 2.0 to said bidentate ligand 
below 25 is used. 
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11. A process as claimed in any one of the 
preceding claims, in which in the range of from 0.3 
to 10 mol of the bidentate ligand having the gen- 
eral formula I per mol of palladium and/or pal- 
ladium compound is used. 5 

12. A process as claimed in any one of the 
preceding claims, in which the bidentate ligand is a 
phosphine. 

13. A process as claimed in any one of the 
preceding claims, in which a molar ratio of acid w 
having a pK a below 2.0 to said bidentate ligand in 

the range of from 1 to 10 is used. 

14. A process as claimed in any one of the 
preceding claims, which is carried out in the pres- 
ence of a solvent comprising an aromatic hydrocar- 75 
bon or an ether. 

15. A process as claimed in any one of the 
preceding claims, in which the reaction mixture 
obtained is separated by means of distillation into a 
distillate fraction containing the carbonylation prod- 20 
uct and a residual fraction containing the catalytic 
system, which catalytic system is recycled to the 
process for re-use. 

25 



30 



35 



40 



45 



50 



55 
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